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Abstract — This paper describes the tribological effects on the nonlinear behavior of a spur gear pair with one-
way clutch according to the direct contact elastic deformation model over a wide range of speeds, considering
the hydrodynamic effects. The effects of various lubrication parameters, such as viscosity, film width, and fric-
tion, on the nonlinear dynamic behavior were analyzed. Forces due to the entraining velocity and the hydro-
dynamic friction were about two orders smaller than normal forces over the whole speed range. While the
viscosity has a strong effect on the behavior of gear pair systems, friction has very little effect on torsional behav-
lor. The inclusion of the hydrodynamic effect facilitates nonlinearity by increasing the overlap and damping, as
well as decreasing elastic deformation and tooth reaction forces.

Key words — one-way clutch, nonlinear behavior, gear pair, tribological parameters, hydrodynamic lubrication,

squeeze effect, sliding friction
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Fig. 1. Schematic diagram of gear pairs.
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Fig. 2. Lubricant film parameters.
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Table 1. Gear dimensions

A4

Number of teeth 50

Module (m) 0.003
Pressure angle (deg.) 20

Face width (m) 0.02
Modulus of elasticity (N/m’) 207 10°
Density (kg/m’) 7600

Base radius (m) 0.07047
Backlash (2b) (m) 400x 107
Mass (kg) 28

Mass moment of inertia (,=I) (kg-m’) 7.875x10°

206
superharmonic .
Primary resonance
resonance
—~ 205 .'
£ .
!ID 1
(17} |
x 14
i}
=
E l
204 T
cL _—
203 * -
500 1500 2500 3500 4500 5500
Speed (rpm)
(a)
2
1.5
€
@®
[11)
x 1}
w
=
o]
[}
0.5 |

500 1500 2500

3500 4500 5500

Speed (rpm)

Fig. 4. Dynamic responses of the gear system:

(2) RDTE, (b) ODTE.



Eo]ERA] W7t AdolF e E 7R 7l vl
206
0.052
——=02
------ 0.25
—-=-03

RDTE( x E-6 m)

204 s : ‘
500 1500 2500 3500 4500
Speed {rpm)

(a)

ODTE( x E~6 m)

500 1500 2500 3500 4500
Speed {rpm)
(b)

Fig. 5. Dynamic responses of the gear system for
various viscosities (Pa-s): (a) RDTE, (b) ODTE.

S ysh $o] Boky Hw 77 vEsle]
A 108 dlolele FAER

Holele] FE Falsitt. JE g 7H B
< AEE viAe AEeaiel 2 WA HRAE

t’}‘%ﬂ}‘ o] @9'] O}‘}}\

RDTE= |=y (DTEY
e
N
ODTE = N/zlvf (DTE.,-DTE)", amn
i=1
DTE; = r,8,t)—r,01)

ok vlEE e 247 e
SHEEof Blstel 107 olste] 7]
nelom, Ax8e) 4 As] Tl 9o v
Nslo] i ERlE T AR Hold aste

EHY o3 ot §
olgh g 34

m{m :&

-
-

¢

3200
2800
z
c
(3]
Le
2400
2000 : : -~
500 1500 2500 3500 4500
Speed (rpm)
(a)
800
0.052 me v e 0.2
------ 025 —-=-03 "
600 | o
1 n}a
s,
z f:‘.\ NG
400 i 1l
o »
£ ,\‘\%a il
o
A K
200 Hl
b
il
':I
I\ . . i
500 1500 2500 3500 4500
Speed{rpm)
(b

Fig. 6. Tooth reaction forces for various viscosities
(Pa-s): (a) direct contact normal force (Fen), (b)
hydrodynamic normal force (Fy,).

FsA @& FEAEE(CL

FrUe g FEXEY(CH) 9 4 71Ee o
B, £ A9 B 1A 3R Fella] AR
HlAY 548 vehlie dx Y dese T
FH T BE e ek ¥ Ay
B} g A9ol, Ageabt FA Wl gk
o o A3 B T o ¥ W, oA Ad
HEo) oS wel = gl o xwige] &
Ayated Zhajel nAd@ o] S7keIA7] wlEel
Agear WEAR(ODIEYS: 13 T3 HkolA
A Feof o 27344 AskE AsKsoftening) M5E
dAahA ol gt Frde IHd Aol 5
e Zelah] &2 AvERg A 2 F9dM § &

&g 7B, &5 Rt wE 2lele FEUS Ad

Vol. 24, No. 5, 2008



246
206
———W
204
£
© 202 10 —=—=—150
Lit
x | o------ 100 — - — - 200
m |
= 2001 .. 500
Qa
o
198 |
196 ‘ . . .
500 1500 2500 3500 4500
Speed (rpm)
(a)
3
10 ———50
a5 | "t 100 — - — - 200
E 500
©
i
L
x 2F
w
'—
o .
o
1.5
1

500 1500 2500 3500 4500
Speed (rpm)
(b)

Fig. 7. Dynamic responses of the gear system for
various film widths (um): (a) RDTE, (b) ODTE.

Aol o Ak &8Fl 9% s 2 7

E5re $84 AR oal we @S uy)
&, $E-f A= Wl uE A%S AU
(Fig. 5). A2} ZH4RFF -2t 2Jolg B
olx, A% zjold] W& WslE avkx] =A) ¢t A
=rF SRS SHFA0] Sk 2ol wet Ha
A9k ODTE “d¥te] wolAlEt), ole &8e] 84
o] 42 74 3t =7 A Roz Hekdch

Fig. 62 B4 HZol| o3 g §4 FF
o3 FeUEs Y. Hxvt 95 2 89
o o8l BN HC] EoE7] Wi, 2 AAE &
AL AasA =y FrgEe s ¢ ¢ A

Journal of the KSTLE

EARA

4500
10 ———50
w00 | T 100 — - — - 200
—--—500
— 3500 |
z
c
(5]
W 3000 |
-
2500 | -
2000 ‘ .
500 1500 2500 3500 4500
Speed (rpm)
(a)
1000
——10 —— —80 ------ 100
— - —200 —--—500
800
I
|
|
= 600 :
= |
c IR
= 1
L 400 |
|
i
\
! '
200 | b
| Ll
s
N

500 1500 2500 3500 4500
Speed (rpm)
®

Fig. 8. Dynamic responses of the gear system for
various film widths (um): (a) direct contact mnormal
force (Fen), (b) hydrodynamic normal force (Fhn).

o X127 sk 49 718 3 Faaeet
3} AR 99 Holw, 1 ghe] thE FJoxE
Be7h 2 genh AR7E dojur] R
M HAro &3l o]y} Y, oA Bl =
Ad AEEe] AR HED wolwt F7Y B T
A7) dioltt. Frgte]l BAXAH] oF 1/5 H=
7 BEAF 4 Qe T7)0)7] e, XH A2y
B7} ZHME F5gEe yE3kE 4 2do] 1
o} o AAHelgta et

Fig. 73 Fig. 8& 247 #3 & (22) ¥sl] W&
Aol BEEY 9 FYY Ws AEE Ug
Aok 2 Zo] o 2 dole (<50 um) TH T
7o) ui$ Wi AGAE Ho] 7 dhed, o3

o M PN



Egloli

’i L—-T7]—

206
0.05 — —0.1
------- 0.15
€
®°
5 MJ\/ _
x 205
w
—
=)
&
204 : -
500 1500 2500 3500 4500
Speed (rpm)
(a)
2
i (0,08 e — 0.1
—————— 0.15
£18 |
©0
W P
b il ‘ I
Z
wl o
= "
gie} :
I [\l
1.4 .
500 1500 2500 3500 4500
Speed {rpm)
(b)

Fig. 9. Dynamic responses of the gear system for
various friction coefficients: (a) RDTE, (b) ODTE.

Ao FUE wpRe] $4Y AH7H Ho} AAEIT
ZolE7) WEQ AoR AU §3 Eo| Hes
5 el Ax, To] we ARSI Hof A
Aol o8 Sl 74, waddele
2o A%l 7RI AL RoEn. AR 27
ol fsh §9 £ Zk o GE AR fA1R
A% wolw, oz

518 F %o) s FS W
wEe, mep 7loje] BiNg A
Y=rk by 2 9L Vs JoE waE,
A
)

N
=

LO

Fig. 99} Fig. 102 z}zk 7)o
A7 A exter EEY W ek v
T L AT dolt}. 7]o] AW Alole] v
Fe F 0.05~0.15 Alele] k& zh=td1s). )

ofr

f
1By

-
2

A7} E7¥8] Wt AYQAHRDTEY} viAsH &
reht, Age Al WE ARODTERR: A9 o7t ¢

AolZHAE 7iE Hrloigel ik

4% AA%) 0|2 9% "7

3000

2800 +

— 2600
Zz
c
O
L 2400
2200
2000 - -
500 1500 2500 3500 4500
Speed (rpm)
(a)
800
—_ 0.05
e — (1
600 [ ... 0.15
3
= 400 /
= A
& )
\
200 | %
B
8 i
I ] q
0 Ll i

500 1500 2500 3500 4500
Speed (rpm)
(b)

Fig. 10. Dynamic responses of the gear system for
various friction coefficients: (a) direct contact normal
force (Fen), (b) hydrodynamic normal force (Fhn).

o, BgwEe) o7 ARNWe MRS 25 2
o AR oHA e E 2, o
!

i
X
=)
Ao
rO
pacs
L%

VWEJU}. e B = =t

& AT AEoAE 4 A7l B 9E RO

Fig. 112 ol 7FEds 99 3900 rpmelld] &
N7k B9kl Ageapel HUd BEAE VR S5
FZHlower branchlMe AELA7} B4 W4 (b
200 um) Hrh 2 7S FA8l] X7t HAEkA] gLl
o, X227t el7] "l AE FFol §A =i +-F
E57} dggle] BA gho] & o]alE HolA|R| gev

Fig. 12 TEEslE 7K 99 3900 rpmollA] 7HE
7\7E gere) Ageatet U E3E vehdvt 3

Vol. 24, No. 5, 2008



248
212
mesh cycle
208
E
@
w
x 204
w
=
[a)
200
196 - .
0.05 0.0502 0.0504 0.0506 0.0508 0.051
Time (s)
(@
400
two
one pair
pair
~ 300
£
2
[
=
S 200 /
<]
2
= \ \ /
kel
£
o
100 |
0 . . .
0.05 0.0502 0.0504 0.0506 0.0508 0.051
Time (s)
)]

Fig. 11. Dynamic responses of the gear system as a
function of time, lower branch, 3900 rpm: (a) DTE,
(b) pinion torque (N-m).

Z: 7Kupper branch)dlME HE 27 W4 (b:

200 um) R} 22 e7ko] EAfSp, ojof X7t
wAste] U BVt & olske] ke e wtel
qoﬂ )\;qu

EAIBIAL, ARFo] A o]Fof A7 4
ase] % Eh BTS¢ & vk A 7]
70 B AWzke] Aol 9] MR whdEo] §
g7 srou}, AAA AFE vl mo} el o
3 8RS =A) wh=T)

Fig. 13 EEalE 7 99 3000 pmell el 4
AR ehdeh, 2400 vistel 2409 © 2
AAE YA} AAReZE KR ATE nal

3.4 E
B Aol felo1ZaNd) el 929 3 2

Joumal of the KSTLE

H4d4

216
212
£
© 208
w
X
w
il 204
Qa
200
196 . . -
0.05 0.0502 0.0504 0.0506 0.0508  0.051
Time (s)
(a)
500
400 }
—
£
z 300 |
[}
=2
T 200 |
[e]
2
=
S 100
£
o
0 VJ
-100
0.05 0.0502  0.0504  0.0506 0.0508  0.051
Time (s)
)

Fig. 12. Dynamic responses of the gear system as a
function of time, upper branch, 3900 rpm: (a) DTE,
(b) pinion torque (N-m).

upper lower branch

branch
1} \

dX/dt (m/s)

-1 }

-2
195 200 205 210 215

X (x E-68 m)
Fig. 13. Phase plane: 3900 rpm.



(S8

Ld

g 7obde o, et wYsiEe wol
3 TEste wHe 4482, A9 29 &
S v 7Kg e, We S u

iy

<]

N

EARel I8 Yt S vhEEo] A2wle] 4
Bl v e e P50 o Jae] Hls)

¢}
i 7r}" 33}7} Z““.
Fgol7] o], &5 wisl] e 54 Wss 7
A7le A%l vk 292 Gie e =Hyd

s

72 7|
o BEE 20073 YANSwe] wH| APl &
e,
40 28

. R. G Parker, S. M. Vijayakar, and T. Imajo, “Non-
Linear Dynamic Response of a Spur Gear Pair: Mod-
eling and Experimental Comparisons”, J. of Sound
and Vibration, Vol. 237, No. 3, pp. 435-455, 2000.

. A. Kahraman and G W. Blankenship, “Effect of
Involute Contact Ratio on Spur Gear Dynamics”,
Transactions of the ASME, J. of Mechanical Design,
Vol. 121, pp. 112-118, 1999.

. R. Larsson, “Transient Non-Newtonian Elastohydro-
dynamic Lubrication Analysis of an Involute Spur
Giear”, Wear, pp. 67-73, 1997.

. Y. Wang, H. Li, J. Tong, and P. Yang, “Transient

10.

11.

13.

14,

ER2A) W7L Aol Z A E T Bl vlAE A%l wx)E g% 249

Thermoelastohydrodynamic Lubrication Analysis of
an Involute Spur Gear”, Tribology, Vol. 37, pp. 773-
782, 2004.

. P. Kumar, P. K. Saini, and P. Tandon, “Transient
Elastohydrodynamic Lubrication Analysis of an
Involute Spur Gear Using Couple-Stress Fluid”,
Proc. IMechE Part J: J. Engineering Tribology, Vol.
221, pp.743-754, 2007.

. S. Theodossiades, O. Tangasawi, and H. Rahnejat,
“Gear Teeth Impacts in Hydrodynamic Conjunctions
Promoting ldle Gear Rattle”, J. of Sound and Vibra-
tion, Vol. 303, pp. 632638, 2007.

. O. Tangasawi, S. Theodosiades, and H. Rahnejat,
“Lightly Loaded Lubricated Impacts: Idle Gear Rat-
tle”, J. of Sound and Vibration, Vol. 308, pp. 418-
430, 2007.

. R. Brancati, E. Rocca, and R. Russo, “A Gear Rattle

Model Accounting for Oil Squeeze Between the
Meshing Gear Teeth”, Proc. IMechE Part D: J.
Automobile Engineering, Vol. 219, pp. 1075-1083,
2005.
. R. Brancati, E. Rocca, and R. Russo, “An Analysis
of the Automotive Driveline Dynamic Behavior
Focusing on the Influence of the Oil Squeeze Effect
on the Idle Rattle Phenomenon”, J. of Sound and
Vibration, Yol. 303, pp. 858-872, 2007.
F. Zhu and R. G. Parker, “Non-linear Dynamics of a
one-way clutch in belt-pully system”, J of Sound
and Vibration, Vol. 279, pp. 285-308, 2005.
Cheon Gill-Jeong, “Nonlinear Behavior Analysis of
Spur Gear Pairs with a One-Way Clutch”, J. of
Sound and Vibration, Vol. 301, pp. 760-776, 2007.

. Cheon Gill-Jeong, “Effects of a One-Way Clutch on

the Nonlinear Dynamic Behavior of Spur Gear Pairs
under Periodic Excitation”, J. of Mechanical Science
and Technology, Vol. 20, NO. 7, pp. 941-949, 2006.
D. Dowson and G. R. Higginson, “Elasto-Hydrody-
namic Lubrication”, Pergamon Press, New York,
1977.
8. He, S. Cho, and R. Singh, “Prediction of Dynamic
Friction Forces in Spur Gears Using Alternate Slid-
ing Friction Formulations”, J. of Sound and Vibra-
tion, Vol. 309, pp. 843-851, 2008.
. W. J. Bartz, Lubrication of Gearing, Mechanical
Engineering Publications, London, 1993.

Vol. 24, No. 5, 2008



